Introduction
The Kelvin-Helmholtz instability of the plane in terface between two incompressible fluids of different densities, when the lighter fluid is accelerated with re spect to the heavier one, has been discussed by Chan drasekhar [1] . The problem of instability of a plane interface forming a vortex sheet between two fluids has been analyzed by several authors, because of its relevance to astrophysical [2, 3] , geophysical [4, 5] , and laboratory situations [6 -8 ] . Such situations arise when air is blown over Mercury, or when a highly ionized hot plasma is surrounded by a colder ionized gas. This situation arises when a meteorite enters the Earth's atmosphere. Investigations of such a system have been analyzed by Chang and Russel [9] , Wil son and Chang [10] , Kalra et al. [11] , and Lister and Hosking [12] . The investigation of Kelvin-Helmholtz instability of the interface separating two viscous ro tating and conducting fluids permeated by a uniform horizontal magnetic field in the presence of finite ionLarmor radius effects has been analyzed by Mehta and Bhatia [13] .
Many fluids of interest in industrial practice exhibit non-Newtonian fluid behaviour. Extensive research has been undertaken over the last three decades, which has largely focussed on engineering analysis, such as the design of heat exchangers for non-Newtonian flu ids. The study of interfacial instabilities in multilayer flow of viscoelastic fluids has received significant attention in recent years [14] . Such non-Newtonian fluids are widespread both in natural and industrial applications [15] , for example as volcanic lava, mud flows, polymeric solutions, polycrystal melts, fluid suspensions, oil, paints, etc. Aside from their techni cal significance, multilayer flows can be effectively used to investigate the effect of fluid elasticity on the stability of generic viscoelastic flows with interfaces. Moreover, this calss of flows is of greate importance in various polymer processing operations, such as mul tilayer extrusion and coating, where a wide range of desired properties can be achieved by construct ing a layerwise composite structure of various poly mers. The Rayleigh-Taylor instability of viscoelatic fluids has been studied by many authors, for example, Sharma [ 16] studied the stability of a layer of Oldroyd 0932-0784 / 01 / 0600-0416 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com fluid (i. e. fluid obeying Oldroyd's constitutive equa tion) heated from below and subject to a magnetic field. Eltayeb [17] studied the convective instability in a rapidly rotating viscoelastic (Oldroydian) fluid. Sharma [18] also studied the thermal instability of a layer of Oldroyd fluid acted on by a uniform rotation, the rotation being found to have a destabilizing as well as a stabilizing effect under certain conditions, in contrast to Maxwell fluids where it always has a destabilizing effect. The instability of the plane inter face separating two viscoelastic superposed fluids of uniform densities has been studied by the Sharmas [19] , [20] , in the presence and absence of a uniform magnetic field, respectively. For recent excellent pa pers about hydrodynamic stability see [21 -25] .
The phenomenon of interfacial instability in the multilayer flow of immiscible Newtonian and Poly meric fluids has been studied by a number of in vestigators. Most studied have been theoretical and have employed the method of linear stability analy sis [26 -28] , with the exception of a few attempts at weakly nonlinear analysis [29, 30] . Since the asymp totic methods are applicable only in the limit of long wave and shortwave disturbances, Lee and Finlayson [31 ] studied the linear stability of a plane Couette flow at low Reynolds number of a Maxwell fluid using the shooting method. Yiantsios and Higgins [32] used the compound matrix numerical method to study the sta bility of the two layer plane Poiseuille flow of Newto nian fluids to a disturbance of arbitrary wavelength. Su and Khmoami [33] also used spectral based (namely spectral-tau and pseudospectal) techniques to analyze the stability of a superposed plane Poiseuille flow of Newtonian and viscoelastic fluids by using a num ber of quasilinear constitutive equations, such as the upper convected Maxwell, Oldroyd-B, and modified Oldroyd-B models. More recently, Ray et al. [34] studied the hydromagnetic stability of plane Couette flow at small Reynolds number of a conducting Ol droyd fluid in the presence of a transverse magnetic field, using the spectral Tau method to solve the ob tained Orr-Sommerfeld equation.
It may be of some interest in chemical insudtry to study the Kelvin-Helmholtz instability of a plane interface separating two incompressible superposed viscoelastic fluids of uniform densities. This aspect forms the subject matter of the present paper, which to the best of my knowledge has not been investi gated yet, wherein we have carried out the stability analysis for two fluids of equal kinematic viscosities and different uniform densities. The present analysis could be relevant for the stability of some polymer solutions.
Perturbation Equations
Consider the motion of an incompressible, in finitely conducting, viscoelastic Oldroydian fluid moving with velocity U(U(z),0,0) in the presence of a uniform magnetic field H(H X, Hy, 0). Let e{j, fi, A, and Ao(< A) denote, respectively the shear stress tensor, the rate of the strain tensor, the dynamic viscosity, the stress relaxation time, and the strain re tardation time. Assume that the viscoelastic fluid is described by the following constitutive relations: 
where p is the isotropic pressure, 6ij the Kronecker
delta, d /d t = d/dt + Uj(d/dxj)
is the mobile op erator, while Uj and Xj are the velocity and position vectors, respectively, relations of the type ( 1 -3 ) were first studied by Oldroyd [35] , who showed that many rheological equations of state, of general validity, re duce to (1 -3) when linearized. If Ao = 0, the fluid is Maxwellian, while if Ao 4 0, we shall refer to the fluid as Oldroydian. The case when A = Ao = 0 corre sponds to a Newtonian viscous fluid. Here p, p, and p are functions of the vertical coordinate z only.
Let q(u,v,w), 6p, 6p, and h(hx,hy,hz) denote the perturbations in velocity, density, pressure, and magnetic field respectively. Then the linearized per turbation equations relevant to the problem are
Equation (5) ensures that the density of every particle remains unchanged as we follow it with its motion, u(= p/p) denotes the kinematic viscosity of the fluid, < 7(0 , 0 , -g) is the acceleration due to gravity, x* = (x, y, z), and D = d /d 2.
Analyzing the disturbances into normal modes, we assume that the perturbed quantities have a space Or, y, z), and time (t) dependence of the form f(z) exp (ikxx + ikyy + nt),
where kx, ky are the horizontal wavenumbers, k2 = + k2 y, n is the growth rate of the harmonic distur bance, and f(z) is some function of 2.
For perturbations of the form (9), (4 -8) become
p\(n + ikxU)u + wD U] = -ikx6p +
(ikyhx -ikxhy)
47T
(10) 
+ An
Multiplying (10) and (11) by -ik x and -i k y, re spectively, adding and using (1 3 -1 6 ) in it, and fi nally eliminating 6p between the resulting equation
and (12), we obtain the following equation in w :
(D2 -fc2) ( -^7-7 7 )
In the absence of fluid velocity, i.e. when U = 0, (17) reduces to the same equation for the corre sponding Rayleigh-Taylor instability case studied by Sharma [19] , and his results are therefore recovered. It should be noted here that the dispersion relation (when U = 0) obtained by Sharma [19] , due to an er ror in algebra, is incorrect, and that fortunately this error does not affect his stability conditions. The cor rect dispersion relation is obtained as a limiting case of our work, when the fluid velocities are absent and the stability conditions are obtained and discussed in detail.
Boundary Conditions and Solutions
We consider here the case when two superposed viscoelastic Oldroydian fluids of uniform densities Pi and p\, uniform velocities U\ and U2, and uniform viscosities p\ and p2 are separated by a horizontal boundary 2 = 0, in the presence of a uniform horizon tal magnetic field. The subscripts 1 and 2 distinguish the lower and upper fluid, respectively. Then in each region of constant p, constant U, and constant p, (17) becomes
where ( where A\, B\, A2, and B2 are constants of integration. ^ (1 + Xon)[a2iy2(n + ikxU2) a\V\(n + ikxU\ ) \ , In writing the solutions (20) and (21), it is assumed that K\ and K 2 are defined such that their real parts are 7 _ = ^(1 + An)(a2 -ai) ± k K j (\ + A 0n) (31) positive. The solutions (20) and (21) must satisfy cer-2 tain boundary conditions. The boundary conditions to be satisfied at the interface z -0 are
(n + ikxU 1)
(n + ikxU2y
[i\(D2 + k2)w\ ß2(D2 + k2)w2
(n + ikxU\) (n + ikxU2)
and V A =
H, ctj = Pj
Integrating (17) across the interface, we obtain an other boundary condition, i. e.
A0[p(n + ik:U)Dw] +
Ao (25) Here k is the wavenumber vector, and V A is the Alfven velocity vector.
Stability Conditions and Discussion
Eliminating the constants A \ , B \ , A2, and B2 from (26 -29) , we obtain This determinant can be reduced by subtracting the first column from the second, the third column from the fourth, and adding the first column to the third. Evaluating the resultant reduced determinant, we ob tain the following characteristic equation: where Ao(f) is the jump that a quantity / experiences at 2 = 0, and (w/(n + ikxU))o is the unique value this r, w .
, T,2 i 20
Applying the boundary conditions (22 -25) to the solutions (20) and (21), we obtain
x[(\+ \n ){a2(n+ikxU2)2+(k ■ V A)2} -k ( K 2-k )
The relation (34) is quite complicated, as the values of K i and K 2 involve square roots. We therefore make the assumption that the two fluids are highly viscous. Under this assumption, (19) yields
Substituting the values of (K\ -k) and (K 2 -k) from (36) in (34) , and putting u\ = u2 = v (the case of equal kinematic viscosities for mathematical simplicity as in Chandrasekhar [1] , but any of the essential features of the problem would not be obscured by this simpli fying assumption), we obtain the following dispersion relation
Note that in the absence of both fluid and Alfven velocities, i.e. when U\ = U2 = 0, and V A = 0, the dispersion relation (37) reduces to the dispersion equation obtained earlier by Sharma and Sharma [20] , and their results are therefore recovered. Now we need to consider both the stable and unstable cases of the considered system, in the presence of both fluid ve locities and a uniform magnetic field.
(
i) Stable Case a\ > a 2:
For the potentially stable arrangement a i > a 2, and in the absence of fluid velocities, i.e. when U1 = U2 = 0, we find by applying the Hurwitz cri terion to (37) , that (as all the coefficients in (37) are positive) all the roots of n are either real and neg ative, or there are complex roots with negative real parts. The system is therefore stable in each case. Thus in the absence of fluid velocities, the potentially stable configuration remains stable whether the fluid is viscoelastic or not. In the presence of fluid veloc ities there is one change of sign in (37) , and so (37) has one positive root. The occurence of a positive root implies that the system is unstable. Thus the sta ble arrangement becomes unstable for the viscoelastic fluids described by Oldroyd's constitutive relation.
It can be seen from (37) that the system is stable in the corresponding Rayleigh-Taylor instability case (U\ = U2 = 0) for all wavenumbers k even in the presence of effects of viscoelasticity. In the present Kelvin-Helmholtz instability case we find, by apply ing Hurwitz's criterion to (37) , when a\ > a 2, that the system is stable for all wavenumbers which satisfy the inequality k2 x(axU2 + a 2U2) < [2(fc • V A)2 + gk(ax -a 2)], (38) i. e. when
where V\ and V2 are the Alfven velocities in the x and y directions, and 9 is the angle between k and V"a; i.e. when kx = kcos9, ky = ks'm6, 6 being the orientation of the magnetic field.
(ii) Unstable Case a , < a 2: For the potentially unstable configuration a 2 > c*i, and in the absence of fluid velocities, i.e. when U\ = U2 = 0, there is one change of sign in (37) , and so (37) has one positive root. The occurence of a positive root implies that the system is unstable. Thus the unstable arrangement in this case remains unsta ble for the viscoelastic fluids described by Oldroyd's constitutive relation. It can be seen from (37) , if the fluid velocities are included, that the system in this case is unstable in the hydrodynamic case V a = 0 for all wavenumbers k even in the presence of effects of viscoelasticity. In the present hydromagnetic case we find, by applying the Hurwitz criterion to (37) , when a 2 > a i, that the system is stable for all wavenumbers which satisfy the inequality
The stability criterion (41) is independent of the effects of viscosity and viscoelasticity. The magnetic field stabilizes a certain wavenumber range of the un stable configuration even in the presence of the effects of viscoelasticity. The critical wavenumber k*, above which the system is stable, dependents on the magni tudes of the Alfven velocities Vx, V2, fluid velocities U\, U2, and fluid densities parameters c*i, a 2, as well as the orientation of the magnetic field 9. From the preceeding analysis we conclude that if we define the critical wavenumber k* to be
-2(VX cos 9 + V2 sin 9)2] 1, then, for the stable configuration, the system will be stable in the wavenumber range k < k*, while for the unstable configuration the system will be stable in the wavenumber range k > k *, where k* is given by (42) . Otherwise, the system will be unstable.
On the other hand, the stability of the system can be checked using the asymptotic stability method elab orated by Zahreddine [36] . In this case (37) can be writen in the form n 5 + axnA + a2rr' + a^n2 + a4n + a$ = 0, (43) where
The polynomial (43) is asymptotically stable if and only if the following simultaneous conditions are strictly satisfied [36] :
Re ax > 0, and bm > 0 for m = 1,2, 3,4, (49) where
-di(Re a,)} + c2(Re ax)], 
The first condition in (49), (Re a\) > 0, gives A-1 (3 + 2uk2Xo) > 0, which is automatically satis fied, while the second condition, 61 > 0, leads to the condition
Three other conditions, corresponding to b2 > 0, 63 > 0, and 64 > 0 , respectively, can be obtained in a similar manner, and these conditions will not be given here because they are very lengthy. It follows that all these conditions can be simultaneously satisfied only if the condition
is satisfied, which coincides with the results given above; i. e. stability occurs for the wavenumber range k < k*, when c*i < a 2, and k > k* when a.\ > a 2. Otherwise, the system will be unstable. We now wish to examine the behaviour of growth rates with respect to strain retardation time, Alfven velocities, stress relaxation time, and fluid velocity parameters analytically. Let no denotes the positive root, then from (37) we have
To study the behaviour of growth rates with respect to strain retardation time, Alfven velocities, stress re laxation time, and fluid velocity parameters, we ex amine the nature of dno/dA o, dno/dVj, d no/d A, and 2d no/d U3, j = 1,2, respectively. It follows from (62) that dng ^ _ 2t/^n O| n 0(A2no + 2AA0n 0 + 1) (63)
d Vj F
where
It is evident from (63) and (64) that both d n o /d Ao, and d n o /d Vj are positive or negative depending on whether the denominator F given in (65) is negative or positive, respectively. Thus, with increase in the strain retardation time, or in Alfven velocities, the growth rate increases or decreases depending upon whether the denominator F is negative or positive, respectively. Therefore, the strain retardation time and the Alfven velocities have boh stabilizing and destabilizing effects. Equation (62) yields also that
Following the arguments of the above paragraph, the stress relaxation time has a stabilizing effect depend ing upon whether the fractions in (66) are both pos itive or negative, respectively. Otherwise, the stress relaxation time has a destabilizing effect on the con sidered system. Note that if
where a 2 > a x, is satisfied (or equivalently condition (40) (68) is not satisfied, then all the physi cal quantity parameters will have stabilizing (for some wavenumbers) as well as destabilizing (for some other wavenumbers) effects on the stability of the consid ered configuration, as shown above.
In conclusion, this paper describes the effect of a uniform horizontal magnetic field on the viscous Kelvin-Helmholtz instability of the plane interface sep arating two superposed viscoelastic Oldroydian flu ids, which is relevant for the stability of some poly mer solutions. For the potentially stable arrangement (o; i > o;2), we found that the system is stable in the absence of fluid velocities, and it is stable or unsta ble in the presence of fluid velocities under a certain condition for the velocities given by (38) . The sta bility criterion in this case is found to be dependent only on the orientation of the magnetic field, and the magnitudes of both the fluid and Alfven velocities.
For the potentially unstable configuration (c*i < a 2), we found that the system is unstable in the cases of absence of fluid velocities or absence of a magnetic field, separately, while it is stable in the presence of fluid velocities under certain conditions for the Alfven velocities given by (40) . The critical wavenumber k*, given by (42), under which or above which the sys tem is stable, is obtained for the preceding two cases, respectively. The magnetic field is found to stabilize a certain wavenumber range of the unstable configura tion, even in the presence of the effects of viscoelastic ity. The stability of the system is studied also using the asymptotic stability method elaborated by Zahreddine [36] , and the obtained stability condition confirms the previous results. Finally, for the behaviour of growth rates with respect to strain retardation time, Alfven velocities, stress relaxation time, and fluid velocities, respectively, it is found that both the strain retardation time and the Alfven velocities have stabilizing as well as destabilizing influences depending upon whether the quantity F given by (65) is positive or negative. It is found also that the relaxation time has a stabiliz ing as well as a destabilizing effects depending upon whether the fractions in (66) are simultaneousely pos itive or negative, respectively, and stability holds only if condition (68) is satisfied, while the fluid velocities are found to have usually destabilizing effects. There fore, all the physical quantities have stabilizing as well as destabilizing effects on the considered system un der certain conditions.
Introduction
In the following we report on the microwave rota tional spectra of the fluoroacetylenes, FCCH, FCCD, and the fluorodiacetylenes, FCCCCH, FCCCCD. Molecular beam Fourier transform microwave spec troscopy (MBFTMW) was used to study their low -J spectra. To initiate their in situ synthesis from appro priate precursor molecules we have used a pulsed electric discharge within the nozzle of the spec trometer. The application of the discharge technique to MBFTMW spectroscopy has been introduced by Grabow, Heineking, and Stahl [1] . Subsequently it was used with great success by Gerry et al. [2, 3] , Endo et al. [4] , and Thaddeus et al. [5] , By this technique, new and possibly simpler syntheses can be carried out and the educt and product molecules can be studied also in excited vibrational states with high spectro scopic sensitivity [6] and resolution. The technique to trigger reactions by an electric discharge within the nozzle complements the techniques of pyrolysis [7] and laser photolysis [8, 9] , All three methods open new fields of research to microwave spectroscopy, since the spectra of even transient and thus otherwise elusive molecular species can be studied with kHz resolution.
The present study has been carried out in parallel to our corresponding investigation of carbonyl fluo ride, F2CO, ketene, H2CCO, acetic acid, CH3COOH, and the free radical difluorocarbene, CF2, reported recently by us [10] . In the latter study we had pro posed that F2CO and H2CCO are synthesized from F2CCH2 and CO2 in a bimolecular reaction via an intermediate ring, and we expect that a similar but monomolecular and thus considerably more efficient reaction will take place if nitrosoalkenes are used as precursors. In such systems the inherent high sen sitivity of the MBFTMW spectroscopy might even allow to intercept the four membered ring inter mediates.
Our present study deals with the main reaction channel of F2CCH2, if subjected to an electrical dis charge. It starts with the high yield monomolecular elimination of FH (see below).
Experimental
The measurements were performed with a MBFTMW spectrometer described in detail in [10] .
We have used helium, neon, and predominantly argon as carrier gases with backing pressures between 1 and 1.5 bar.
The cooling effect and the tendency to form com plexes are different for these rare gases. Thus a vari ation of the experimental conditions was possible.
Mixtures of approximately 1 % of the precursors in the carrier gas have been used. Voltages of 700 to 1500 V were applied. The electrode near the noz zle mouth was kept on ground potential. This set ting with the electrode upstream on positive potential proved slightly superior in the production of the in vestigated species. A cross-section of a preceeding design is shown in Fig. 2 of [5] . More experimental details will be given below, when different molecules are discussed.
Fluoroacetylene
With fluorobenzene, C6H5F, as precursor we got the first signal from the J = 1 -► 0 transi tion of fluoroacetylene, FCCH, at 19412.3 MHz, observed before by Laird and Tyler [11] . They had used absorption microwave spectroscopy with a discharge in the waveguide cell. Later exper iments with 1, 3, 5-trifluorobenzene, C6H3F3, trifluoromethylacetylene, C F 3 C C H , and 1 ,1-difluoroethene, F 2 C C H 2 , improved the signal by magnitudes. The two last mentioned of these precursors have been used also in [11] . The best results were obtained with F2CCH2 as precursor, purchased from Fa. Aldrich, Steinheim.
We believe that FCCH is produced by the elimina tion reaction F2C=CH2 -* FC = CH + HF.
This reaction has been studied recently by Lin and Lee [12] , who have used laser photolysis to energize the precursor. They detected hydrogen fluoride, HF, by step-scan time resolved Fourier transform infrared emission spectroscopy. Thereby the second elimina tion product of (1) was found. An efficient formation of HF from H and F radicals is unprobable, since three particle collisions would be required to shed off the excess energy, which are rare events in the beam. By monitoring the signal intensity of the transi tion J k -k + = 101 ->Ooo of the precursor, F23CCH2, at 15219.25 MHz with and without discharge, we es timated that roughly 50 % of the precursor molecule vanish under discharge. The isotopomer was used in natural abundance (1.1 %) to avoid saturation of the detection system.
We take this as a hint that a more effective discharge might improve the method. In Fig. 2 we give a repro duction of the J = 1 -► 0 transition of the most abun dant species F 12C 12CH with resolved spin-rotation splitting taken with 2048 measuring cycles, 16 k data points in the time domain, and 40 ns sampling interval. The polarizing conditions were chosen off-optimal, to avoid saturation of the detection system. Confining the measurement to the first part of the decay by 16 k data points and 10 ns sampling interval, the transi tion can be observed with reasonable signal to noise ratio already with one measuring cycle. Here the pre cursor F2CCH2 was exposed to a 1000 V discharge. This high intensity is demonstrated in Fig. 1 , show ing a measurement taken with four cycles. The side lobes in the FT spectrum result from the saturation of the detection system. The frequencies of the spinrotation structure are given in Table 1 (compare too Figs. 2 -4 ). They were obtained by a direct fit to the time domain signal [13 -16] , as the splittings are very narrow. Their analysis is given below. In Table 2 the frequencies of the J = 1 ->0 transitions of F 13CCH and FCl3CH are included. They were measured with lower resolution in natural abundance. Here the spinrotation hfs was not analyzed, since, with 13C, these isotopomers contain an additional spin 1/2 nucleus.
To study the production process of FCCH in more detail we searched for the J = 1 -* • 0 transitions of FCCH in excited vibrational states. With MBFTMW spectroscopy of stable species not produced by dis charge it is usually difficult to observe rotational tran sitions in excited vibrational states, since the cool ing process in the supersonic gas expansion tends to depopulate the higher vibrational states. By the in vestigation of the rotational spectra in vibrational ex cited states reported by Jones and Rudolph [17] and by Guamieri [18] and by the IR-data of Holland et al. [19] we were able to detect and to measure the J = 1 -► 0 transitions of several excited vibrational states also given in Table 2 . All existing transitions up to 1467 cm-1 , and in addition one in a state 2211 cm-1 above the ground state could be observed. For excited bending states with the quantum number I > 1 no rotational transition J = 1 ->0 exists [20] . In parentheses the mean error o f several measurements is given. (S /N )n0Tm is also given for the 13C-isotopomers. For the J = 1 -»0 transition in the ground state of FCCH the (S /N )norm value could not be determined under these experimental conditions, because of the satura tion of the detection system as shown in Figure 1 . It can be assumed, that the reaction of (1) predominantly populates excited bending states of FCCH, since an elimination of HF starts with a bent FCCH structure. Unfortunately the J = 1 -» • 0 transitions in the first bending states v = 0000° 11, (366.6 cm-1 ) , FCC bend and v = 0001 *0°, £ '( 5 8 3 . 7 c m '1), CCH bend do not exist [20] . One should look for the J = 2 -+1 transitions near 39 GHz, which is beyond the range of our spectrometer. If one takes (S /N )norm as a measure of the number density in a state under consideration, Tab. 2 shows, that the second excited FCC bending state v = 0000°2°, £ +(732.1 cm-1 ) is the most pop ulated observable state within the supersonic beam. 
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Analysis of the Spin-rotation Splitting
By using MW Stark spectroscopy with an oversized L-band Stark cell, Weiss et al. [21] obtained a half width at half height of 8 kHz for the J = 1 -> 0 tran sition of FCCH and estimated an upper limit for the spin-rotation constants of 8 kHz for \Mbh\ and | M bb |. Only a line broadening, no splitting could be observed in their experiments. It should be noticed, that the def inition of the spin-rotation constants M and C differs in sign [22, 23] . As shown in Fig. 2 MBFTMW spec troscopy clearly reveals a doublet structure with a half width at half height of 4.5 kHz for the larger compo nent, taken from the FT amplitude spectrum. With two spin 1/2 nuclei a quartet structure is expected. Fig. 3 . Visualization of the position of the residuum signal between the two stronger components.
First a doublet structure was fitted to the time domain signal. The residuum of this fit revealed an additional component of roughly 8 % of the strongest compo nent. This is illustrated in Fig. 2 by the lower trace c. Figure. 
as rigid rotor part, B the rotational constant, and J the angular momentum operator in units of h. The centrifugal distortion # c e n t = D j J
was neglected for FCCH and FCCD. For the latter the operator H q for the electric nuclear quadrupole coupling for the deuterium hfs will be added later.
In the following we use a notation for an asymmet ric top. Later it will be reduced to a linear molecule.
The spin-rotation coupling, which is caused by the interaction of the magnetic field produced by the rotat ing charges of the molecule and the nuclear magnetic moment is described in matrix notation by
where U are the nuclear spin operators in units of h, here for the nuclei F and H, and C; is a carte sian spin-rotation coupling tensor, f denotes the trans posed matrix.
Ca Ca /aaix C ab,i
V■^ac, i
When forspace fixed compo nents, for / = ai, Jfei, Jci^j molecule fixed coordi nates are used and the cartesian tensor components are referred to the molecule fixed axes a, 6, c, (5) should be rewritten in the symmetrized form 
i=F,H
For the direct spin-spin interaction, H$s, caused by the magnetic moments of the nuclei j and k (J, k = F, H, D, respectively) we use [24] 
Referred to the space fixed cartesian axes system, the traceless spin-spin coupling tensor, D<j...k) f f has the elements [25] ). rjk is the distance between the two interacting nuclei.
We used the programs QSSR.FOR and QSSR-FIT.FOR [26] , in which the hamiltonian is set up in spherical tensor notation [27] , The hamiltonian ma trices are treated in the coupling scheme: to label the satellites, where the index 1 refers to the nucleus which is coupled more strongly to the overall rotation. The rotational constant B and the spin-rotation constants C_lf and Cj_h could be determined.
The direct spin-spin coupling constants
for the monoacetylenes were calculated from the distance r FH = 3.53 A [28] between the F and H atoms, the nuclear magnetic moments, and the nu clear spins as They were kept constant in the fitting calculations. At first glance, only a doublet can be seen in Fig  ure 2 . With the procedure described above, a third weak component was detected. The question arose, Table 1 is reasonable. The resulting molecular constants are given in Table 3 . In Fig. 4 a synthesized line shape, calculated within the short pulse approximation [14] from the fitted molecular constants, theoretical inten sities, and the molecular velocity in the supersonic beam, is given together with the corresponding bar spectrum and is compared to the measured line pro file.
Fluoroacetylene-dl
Fluoracetylene-dl, FCCD, was first investigated by Tyler and Sheridan [28] , The D-hfs was reported in [29] and in [30] . In [30] waveguide FTMW spec troscopy was applied, but the hfs-analysis did not include spin-rotation and spin-spin interaction. Fur ther contributions are found in [17, 31, 32] . Thus the Here the deuterium nuclear quadrupole coupling is the main source for the hyperfine structure. The spin-rotation interaction is most clearly seen by the splitting of the Doppler components 3 and 4 of Figure 5 . In the Doppler components 5 and 7 several hfs-components overlap. The frequencies used for the analysis were again obtained by a direct fit to the time domain signal and are given in Table 4 . For the analysis of the D-hfs the hamiltonian in frequency units (2) has to be supplemented by
expressed in dyadic form [33, 34] in a space fixed reference system. Q is the nuclear quadrupole dyad and V E the dyad for the electric field gradient. For a linear molecule Xaa = |e |Qqaa/h remains as ad justable parameter, with \e\Q the nuclear quadrupole moment, e the electronic charge, and qaa the sec ond derivative of the Coulomb potential V, caused by the extranuclear charge distribution. Again the pro grams QSSR.FOR and QSSRFIT.FOR were used for the analysis. The molecular constants are given in Table 3 .
Fluorodiacetylene
In the course of our measurements of FCCH, un der conditions mentioned before, we noticed, that also fluorodiacetylene, FCCCCH, is produced. The inves tigations, published by Okabayashi et al. [35] and Dore et al. [36] , helped us to assign the measured lines. With the exception of one line these authors report only high J transitions with J > 12. Our re sults are given in Table 4 . They include one transi tion of a 13C-isotopomer. Within the resolution of our spectrometer the lines did not show any indication of a hyperfine structure. This is in agreement with an estimate of the spin-rotation and spin-spin coupling constants, which must have values below 1 kHz, as will be discussed later. The results of a centrifugal distortion analysis, which also includes the lines of [35] and [36] , are given in Table 3 . The detection of FCCCCH clearly demonstrates that molecules are not only cracked into smaller fragments within the discharge, but that such fragments are also quite ef fectively assembled to longer chain molecules.
Fluorodiacetylene-dl
Fluorodiacetylene-dl, FCCCCD, was produced in a discharge similar to the production of FCCD. 1 % F2CCH2 and 2 % D2 in argon were exposed to a dis charge with 1100 V at backing pressures between 1.1 to 1.5 bar. In [36] a production of FCCCCD is de scribed by using pentafluorostyrene, C6F5CHCH2, and D2 as precursors in a dc glow discharge. Ro tational transitions with J = 25 to J = 52, and the rotational constant B and the centrifugal distor tion constant D j were reported. We measured the 
The D-hfs was observed and analyzed for the two lowest transitions. They are given in Table 6 . Unfor tunately we could not clearly measure the weakest component of the J = 1 -> ■ 0 transition, although we averaged the time domain signal by 24000 ex periment cycles, which is near the limit (32 k) of our instrument.
As in the case of FCCCCH a down scaling of the spin-rotation and spin-spin coupling constants of FCCH and FCCD showed us that in FCCCCD these constants must be less than 1 kHz. So the hfs-structure given in Table 6 was analyzed as produced by electric nuclear quadrupole coupling. The hamiltonians (2) and (14) provided the basis. Again the pro grams QSSR.FOR and QSSRFIT.FOR were used. The rotational constant B and the coupling para meter Xaa = |eIQqaa/h were fitted and are given in Table 3 .
Discussion
Spin-rotation Coupling
Since we were able to determine the spin-rotation constants given in Table 3 , and since the high res olution of MBFTMW spectroscopy promises more results in near future, we want to discuss a method to estimate their values on the basis of known constants.
According to [37, 22] the spin-rotation constants of linear molecules are proportional to the rotational constant B and the dimensionless gyromagnetic ratio or g factor [38] of the nucleus under consideration.
with p j the nuclear magnetic moment, ß the nuclear magneton and I the nuclear spin.
Explicitly DeLucia and Gordy [39] used the rela tion c±H = |HCNffHc±D (16) -DDCN gD to estimate the unknown constant Cj_h for HCN with the help of the known values for DCN of the right hand side of (16) . With the help of detailed consid erations given by Flygare [22] , (16) may be verified. The essential statement written in our nomenclature is
C " . i = Y f -( E i + E i )
( 1 7 ) *i*gg
with Cggyi the gg component of the spin-rotation coupling tensor (6) of the nucleus i, pi its nuclear magnetic moment and U its nuclear spin. For Igg we take the principal moments of inertia of the molecule as an approximation. £\ depends on the nuclear charges and the geometry of the molecule, E 2 on the electronic charge distribution, mainly near the nu cleus under consideration, i.e. on the position of the electrons in the molecule, and on electronic angu lar momenta and energies. S \ and E 2 compensate each other to a great extend. Provided that (E\ + U2) are equal for two molecules to be compared, (16) is strictly valid. Otherwise (16) is an approxi mation.
We tested the approximation for the prediction of Cgg^ of the following pairs of molecules: The results are given in Table 7 .
It can be seen, that the predicted values Ci)Pred, i -H, D, F agree surprisingly well with with the ex perimental values Cgxp. That means that (16) may be used as a guide in further investigations, provided that the close vicinity of the nucleus under consid eration is sufficiently similar in both molecules. But the prediction cannot replace the experimental evalua tion.
D-hfs
8 .2 .1 . G e n e ra l R e m a rk s
The spectroscopic coupling constant, \ aa , relates to the anisotropy in the intramolecular electric field gradient tensor at the position of the deuterium nu cleus as Vcc can be calculated by ab initio methods. Qd, e, a 0, h are the quadrupole moment of the deuterium nucleus, the electronic charge, Bohr's radius, and Planck's con stant, respectively. The slight difference in the exper imental values for the deuterium nuclear quadrupole coupling constant in FCCD and FCCCCD correlates to the slightly shorter tqd bond distance in FCCD. The shorter the bond distance, the higher the value of the quadrupole coupling constant. (Compare too the extensive ab initio studies of deuterium quadrupole coupling constants carried out by Huber and cowork ers [43 -45] ).
Already a standard ab initio calculation of the second derivatives Vaa etc., in our case a MP2/6-31 G(d,p) calculation carried out with the GAUSSIAN 94 suite of programs [46] , reproduces the difference between the deuterium coupling constants of FCCD and FCCCCD almost quantitatively. However these ab initio values are systematically too high by about thirteen percent. The reason for this is twofold. First, the experimental values should be compared to vi bronic expectation values for the ab initio quadrupole coupling constants rather than to values calculated at the energy relaxed equilibrium configurations. Sec ond, the quality of the ab initio calculation might need refinement, i.e one might need to account better for electron correlation (to go beyond second order M0ller-Plesset perturbation theory, MP2 [47] ) and, probably more important, especially in the case of the atom containing the quadrupole nucleus, here the deu terium, one should use a more flexible set of atomic basis functions. In the following we will look into both aspects in more detail.
.2 .2 . V ib r a tio n a l C o rre c tio n s
In order to get at least an estimate for the vibra tional corrections, we have used the local mode model pushed to its extreme. For both molecules we have treated the heavy atoms (F and C) as frozen to their positions in the linear, energy relaxed, equilibrium configuration of the ab initio calculation. In other words, only the deuterium atom was allowed to vi brate. Furthermore we have approximated the vibra tional modes of the deuterium atom as a CD stretch ing mode and a pure (degenerate) bending mode with the CD bond distance fixed to its value in the linear equilibrium configuration. We will treat the stretching mode first.
.2 .3 . C D -s tr e tc h in g C o rre c tio n
Within the frame of our frozen heavy atom chain model the Schrödinger equation for the deuterium stretching vibration takes the form
Here x denotes the deviation of the instantaneous CDbond distance from its equilibrium value and m o de notes the mass of the deuterium atom. As vibrational potential, V(x), we have chosen a Morse-potential. With only two adjustable parameters it leads to a quite accurate approximation of the ab initio potential curve for a comparatively large range of x-values:
In the present application we have adjusted the param eters a and D to the single point ab initio ground state energies, E MP2, calculated at and at ± Ax with Ax = 0.12 A as 
Here, in principle, Xx and Xxx denote the first and second derivative of x0*0 at the equilibrium position x = 0 . In practice, however, we have adjusted the val ues of x(0), Xx, Xxx to the MP2/6-31G(d,p) values calculated at x = -0.12 A, x = 0 A, x = +0.12 A. Within this approximation the vibrational expectation value for x(x) takes the form
(Ix l) = X(0) + Xa
If the potential energy function, V(x), would be sym metric, the vibrational ground state ^-function would be symmetric too with (|x|) = 0 as the obvious conse quence. However, V(x) is anharmonic and the com paratively light deuterium atom probes this anharmonicity quite effectively. In the following we will demonstrate that the anharmonicity leads to first and second order contributions to (|x(aO|), which are sim ilar in magnitude but opposite in sign and thus largely cancel. Starting point of our consideration is the general rule, that the expectation value for the force, which acts on the vibrating atom, must vanish for all bound states. This is especially true for the ground state and may be written as
Now, for small x-values, the potential V(x) may be expanded around its minimum at x = 0. With Vxx and Vxxx the second and third derivatives of V (x ) at the equilibrium position x = 0 , we approximate this polynomial expansion as: (26) and the vibrational ground state expectation value (25) , in which the ^-function only probes the im mediate vicinity of x = 0, may be approximated as:
or, rearranged:
In the last step we approximate (|x 2|) by its value for the limiting harmonic oscillator: In Fig. 7 we present the functions V{x) and \ ( x ) which follow from the MP2/6-31G(d,p) results at x = 0 A and x = ±0.12 A. Also shown is the cor responding vibrational ground state energy level and \^(x)\2 for the limiting harmonic oscillator, which was used to calculate the approximate value for ( \x2 |).
Note that a mere shift of probability density from a negative x-value to the corresponding positive re value would leave (|a;2|) unchanged. Therefore the value of (|a:2|) responds comparatively slowly, if the anharmonicity is introduced. Because of the mutual compensation of the first and second order contri butions, the ^-expectation value for the CD-stretching mode deviates comparatively little from the value calculated for the equilibrium configuration. It drops only on the order of one kHz for both molecules. This falls rather short with respect to the difference between the calculated ab initio value and our exper imental values. However, a considerably larger cor rection is obtained for the bending mode, as we will show in the following section.
.2 .4 . B e n d in g C o rre c tio n
Within our local mode picture described above, the Schrödinger equation for the "in-plane" CCD-bending motion takes the form
Here rco denotes the CD-bond distance for the equi librium configuration. From symmetry, the bending potential, V(ip), and the quadrupole coupling "constant" in direction of the heavy atom chain, x(<£)> may be expanded into Tay lor series which contain only even powers of ^ . By inspection of the MP2/6-31G(d,p)-values for V(<p) and xip) f°r a grid °f (^-values, we found that for bending angles below ± 4 0° already second order ex pansions lead to a satisfactory reproduction of the ab initio values for both molecules 
The parameters V^, x(0), and x< p< p were fitted to the MP2-energies and ^-values at the equilibrium con figuration and at a bending angle of p = 20°. The corresponding plots are shown in Figure 8 . We recall that within the harmonic approximation, the ground state wave function for the CCD-bending motion is given by 
For both molecules, insertion of the MP2/6-31 G(d,p)-values for x(0), x < p < p * V w and r CD leads to a drop of x by about 6 kHz as the result of this averaging over the in-plane bending motion. However, since the bending motion is two-fold degenerate, the complete CCD-bending correction for x ls twice as large, i.e. about 12 kHz in direction to lower values. Because of the additional bending motions, the overall bending correction must be even larger, which should shift the corrected ab initio values into even closer vicinity of the experimental values.
.3 .5 . B a sis S et E ff e c ts
The quality of the ab initio results for the quadrupole coupling constants clearly depends on the flexibility of the set of atomic basis functions which is used for the calculation. In order to get a quantitative impression of this dependence, we have used four sets of atomic basis functions:
1. The standard 6-31 G(d,p) basis as included in the GAUSSIAN 94 program at all atoms.
2. The standard 6-31G(d,p) set of functions at the heavy atoms, C and F, and at H a considerably larger basis derived from Huzinagas work [48] , as has been used by us earlier ( [49] , Table 12 ).
3. The basis set derived from Huzinagas work at H (see above) and a TZVP basis developed by Ahlrichs and coworkers [50] at C and F (see Table 13 in [49] ).
4. The basis set derived from Huzinagas work at H and essentially the TZVP basis of Ahlrichs et al. but with decontracted p-orbitals and supplemented by two additional d-type orbitals at the heavy atoms with exponents ( = 7.2 and ( = 0.8 at C and £ = 12.6 and £ = 1.4 at F, respectively. This set is denoted as TZVP* in Figs. 8 and 9 .
For all three extended basis sets we did run the MP2-routine as described before in order to get the corresponding energy relaxed equilibrium struc tures as well as the estimates for the vibrational corrections due to the deuterium CD-stretching and CCD-bending modes. In Fig. 9 we present a syn optic view of these results for the monoacetylene, FCCD. The results for FCCCCD are almost iden tical as far as the values for the corrections are concerned.
From Fig. 9 it is seen that the MP2-values for \ drop systematically with each extension of the molec ular basis set and thus come closer to the experimen tal values (compare Table 3 ). It may be also inter esting to note that if a large basis set is provided only at the site of the quadrupole nucleus, as is in our second set, a shift of computed electron den sity towards the atom, equipped with the larger basis is the obvious result. The Mulliken atomic charges and the change in the electric dipole moment may serve as indicators. This should be kept in mind, if only locally improved basis sets are used as a com promise between obtainable accuracy and computer time.
In conclusion we can state that the initial differ ence of 32.4 kHz between the MP2/6-3 lG(d,p) value for x and its experimental value could be reduced to 12.7 kHz by using a larger set of atomic basis functions (reduction: 4.7 kHz), by roughly account ing for averaging over the CD-stretching \ mode (re duction: 1.2 kHz) and by roughly accounting for the averaging over the CCD-bending mode (reduction: 13.8 kHz). We therefore expect that a MP2-calculation with a molecular basis which at least corresponds to our fourth basis in quality and which properly ac counts for all vibrational corrections (including anharmonicity) should be able to reproduce the experi mental quadrupole coupling constants probably with kHz accuracy. Especially inclusion of the other bend ing vibrations should improve the calculated x-values significantly.
General Remarks
It may be mentioned that the synthesis by discharge in a molecular beam provides a method to produce molecular species which are difficult and / or expen sive to prepare. This confirms former results [1 -5 ] and [10] . Together with the high sensitivity and reso lution of MBFTMW spectroscopy it thereby provides the possibility to measure molecular constants with high precision, which would otherwise be difficult to determine.
